We studied daily activity patterns of 19 (7 males and 12 females) adult red deer (Cervus elaphus) by using continuous tracking sessions in Bia1owie_ za National Park (BNP), Poland, from 2001 to 2004. Male and female red deer were active throughout the day and night during all seasons, with several peaks in activity during the 24-h period, although both sexes tended to be more active during the day in winter. There were no significant differences between males and females in mean time active (8 h/day for both sexes), mean length of activity bouts (42 min), and mean number of activity bouts (12 bouts/day). Additionally, neither sex showed seasonal differences in hours active, bout length, or number of bouts per day. However, rainfall affected activity of males, whereas ambient temperature and snowfall affected activity of females. Although red deer are sexually dimorphic, which often leads to differences in movements and social groupings, our results suggest that their general activity patterns are influenced less by these sexual differences and more by the constraints of feeding and rumination, daily abiotic factors, and possibly predation risk from wolves (Canis lupus). Red deer in BNP did not exhibit strong bimodal peaks in activity at dawn and dusk as shown in previous studies, likely because strict limits on human activities in BNP allowed red deer to base their activity more on natural factors than on human-related factors.
Among red deer (Cervus elaphus) in Europe, daily activity was generally influenced by cycles of light and darkness, with bimodal peaks in activity coinciding with dawn and dusk (Carranza et al. 1991; Catt and Staines 1987; Clutton-Brock et al. 1982; Georgii 1981; Georgii and Schröder 1983; Hester et al. 1996; Jeppesen 1987) . Seasonal activity of red deer tended to show strong variation, with increased activity during summer and reduced activity in winter (Catt and Staines 1987; Georgii 1981; Georgii and Schröder 1983) . Seasonal differences in activity likely reflect changes in daylight hours, metabolism of deer, and quality and amount of forage (Georgii 1981; Green and Bear 1990) . These patterns were similar to that shown for elk and other deer species in North America (Craighead et al. 1973; Green and Bear 1990; Kammermeyer and Marchinton 1977) .
However, all previous research on red deer in Europe occurred in areas where deer were heavily hunted or culled by humans, and where large carnivores were absent. Even the above studies in North America occurred in hunted deer populations, populations that were exposed to other high human activity, or where large carnivores were absent. So whether red deer exhibit crepuscular activity patterns in areas with little human activity, and in the presence of large carnivores, is unknown. However, previous research suggests that humans can have a strong influence on daily activity patterns of animals (Frank and Woodroffe 2001; Jeppesen 1987; Kitchen et al. 2000) . For example, high human activity, from hunting and tourism, had a strong influence on behavior and movements of red deer in Denmark (Jeppesen 1987) . This suggests that red deer might have different activity patterns in the absence of human activity. Furthermore, wolves (Canis lupus) had a strong influence on elk behavior in North America, especially affecting vigilance, movements, and foraging patterns of elk (Childress and Lung 2003; Fortin et al. 2005; Hebblewhite et al. 2005; Laundré et al. 2001; Mao et al. 2005; Ripple et al. 2001) . Thus, red deer may exhibit different activity patterns in areas where wolf predation is a major cause of mortality, although this has never been investigated in Europe.
Red deer are sexually dimorphic, with males considerably larger than females. This usually results in sexual differences in habitat and space use among red deer (Clutton-Brock et al. 1982 , 1987 Staines et al. 1982) , which is a pattern seen in many ungulate species throughout the world (Ruckstuhl and Neuhaus 2002) . Because of these strong sexual differences, differences in activity patterns between sexes might also be expected. In fact, some researchers have hypothesized that sexual segregation among ungulates is the result of sexual differences in activity patterns (Conradt 1998; Ruckstuhl 1998; Ruckstuhl and Kokko 2002; Ruckstuhl and Neuhaus 2002) , and this hypothesis has recently received increased attention in the literature (Yearsley and Perez-Barberia 2005) . Thus, investigating sexual differences in red deer activity from areas with little human influence, and in the presence of large carnivores, would help elucidate aspects of this important behavior under more natural conditions.
To determine which factors influence activity of red deer under relatively natural conditions, we studied a population of red deer in Bia1owie_ za National Park (BNP), Poland, from 2001 to 2004. We considered conditions in BNP to be relatively natural because it contains the best-preserved old-growth deciduous and mixed forest stands in lowland Europe; 2 large carnivores, wolves and Eurasian lynx (Lynx lynx), occur there in healthy populations; human hunting is prohibited; and the core of BNP contains a strict nature reserve, where human activities are strictly controlled and limited. Thus, our results could be compared to previous studies in more humandominated landscapes, providing a unique opportunity to assess the effects of humans and their impacts on activity of deer, while providing insights into more evolutionarily significant situations. Our hypotheses were that activity of deer would exhibit bimodal crepuscular peaks, and that sexual and seasonal differences in activity would occur based on several activity parameters (i.e., time active/day, mean activity bout length/day, and number of activity bouts/day). Additionally, we determined if daily abiotic factors (temperature, rainfall, and snowfall) were correlated to any of the activity parameters.
MATERIALS AND METHODS
Study area.-Our study area was located in BNP (100 km 2 ) in northeastern Poland (528439N, 238549E). The BNP is part of the larger Bia1owie_ za Primeval Forest (;1,450 km 2 ) located on the Polish-Belarussian border. On the Polish side, the Bia1owie_ za Forest (580 km 2 ) consists of BNP surrounded by managed forests and small reserves. The core of BNP has had a strict nature reserve (47 km 2 ) since 1921, where no motorized equipment is allowed, and human access is strictly controlled and limited. From May to September, about 100 tourists/day (usually in small groups of 5-15 people) are permitted to visit the strict reserve, under the direction of professional guides. This number decreases to about 20 tourists/day from October to April (Theuerkauf et al. 2003a ). The guided tourists are restricted to a 4-km trail near the reserve's entrance, so their impact on the total reserve is negligible. Surrounding the strict reserve is a 53-km 2 area of national park where tourists can visit without a permit or guide. However, overnight camping and vehicles are forbidden even in these areas, so small numbers of tourists go on day hikes or bicycle rides on designated trails.
The BNP is the last remnant of the pristine European lowland forest, most of which has never been cut, and contains 3 main forest types: oak (Quercus robur)-lime (Tilia cordata)-hornbeam (Carpinus betulus) stands; mixed coniferous stands; and ash (Fraxinus excelsior)-alderwood (Alnus glutinosa) stands. Oak-lime-hornbeam stands, often with scattered spruce (Picea abies), cover nearly half of the national park. Mixed coniferous stands dominate on sandy soils, and are composed of spruce and pine (Pinus sylvestris). Ash-alderwood stands, often with scattered spruce, dominate on damp soils, especially near rivers and streams. Small stands of birch (Betula verrucosa and B. pubescens) and aspen (Populus tremulus) also are scattered throughout the national park.
The BNP has one of the most diverse communities of native predator-prey species in Europe. In addition to red deer, 4 other native ungulates occur in BNP, including European bison (Bison bonasus), moose (Alces alces), roe deer (Capreolus capreolus), and wild boar (Sus scrofa). Two large carnivores, the wolf and Eurasian lynx, occur in healthy and stable populations within BNP (Jxdrzejewska and Jxdrzejewski 1998) , and human hunting is prohibited.
The climate is transitional between continental and Atlantic types, although the continental type prevails (Jxdrzejewska and Jxdrzejewski 1998) . During the years of the study (2001) (2002) (2003) (2004) , the mean January daily temperature ranged from À1.48C to À6.18C, whereas the mean July daily temperature ranged from 20.98C to 21.98C. Mean annual precipitation was 534 mm (range ¼ 500-603 mm), and mean number of days with snow cover per winter was 77 days (range ¼ 66-98 days). Daylight hours range from 16 h 45 min in summer, to 7 h 42 min in winter.
We captured red deer in drop-net traps (Jxdrzejewski and Kamler 2004) placed in openings and glades at the forest edge inside BNP. Trapping occurred in March and December 2001 , January and December 2002 , and February 2003 . We immobilized captured deer with an intramuscular injection of ketamine hydrochloride and xylazine (2.5:1.5 ratio), and removed them from the nets. We then placed radiotransmitter collars (Margus, Bialystock, Poland), equipped with activity sensors, on study animals to monitor their movements and activity. The activity collars would give off signal pulses at a slow rate (50 pulses/min) if collars were stationary, and a fast rate (100-105 pulses/min) if collars were rotated backward or forward. We classified deer as adult (!2 years) or young (,2 years) based on body size, reproductive condition, and for males, antler size. We followed guidelines of the American Society of Mammalogists (Animal Care and Use Committee 1998) during capture and immobilization, and our research and handling protocol was approved by the Local Ethical Commission for Research on Animals, Bia1ystok, Poland.
We monitored radiocollared red deer during continuous tracking sessions where activity was recorded every 15 min. At every 15-min interval, researchers would listen for 1 min and classify deer as active if pulses were continuously fast, or alternated between fast and slow (indicating head movement).
We classified deer as inactive if pulses were continuously slow (indicating resting with no head movement). Short activity changes between 2 readings were not detected with this method; however, we assumed activity during the 1 min of listening was representative for the entire 15-min interval. Movement data could not be reliably used to determine deer activity, because deer often traveled little when feeding on vegetation.
Throughout the study, we monitored individual deer during continuous tracking sessions lasting 6-24 h, with 24-h sessions occurring at least once per season. We defined seasons as winter (December-March), summer (April-July), and autumn (August-November) to parallel major changes in climate, corresponding changes in vegetation, and main biological periods for red deer (rutting, birthing, etc.). We located and followed radiocollared deer from 500 to 1,000 m away using a network of paths and roads that dissected the forest into 250-m 2 compartments, which were clearly marked with numbered stones. All deer were monitored inside BNP, although they occasionally (,10% of locations) moved in areas just outside the park boundary in managed forests. Because these managed forests immediately adjacent to the national park also have low human activity (Theuerkauf et al. 2003a ), we considered all data to be from BNP for the purposes of this paper.
For a general estimate of activity and determination of daily activity peaks for deer, data were pooled for each sex into 1-h intervals. Then percent active locations were calculated for each 1-h interval, and compared between sexes and among seasons. Data from autumn and winter were corrected for daylight savings time changes. Data from all tracking sessions (lasting 6-24 h) were used in this analysis.
To determine 3 different activity parameters for individual deer during an entire 24-h tracking session, we calculated the following: time active/day ¼ sum of active readings recorded during 15-min intervals (assuming each active reading ¼ 15 min); length of activity bouts ¼ sum of uninterrupted blocks of active readings recorded during 15-min intervals; and number of activity bouts ¼ number of activity blocks recorded during the tracking session. For all 3 activity parameters, data were pooled for each sex, and compared between sexes and among seasons using t-tests and 1-way analyses of variance (ANOVAs), respectively. Meteorological data were provided by the Bia1owie_ za Meteorological Station, located in the central part of Bia1owie_ za Forest, and included mean daily temperatures (8C), daily amount of rainfall (mm), and mean daily snow depth (mm). Regression analyses were used to determine if these abiotic factors influenced the 3 activity parameters for each sex.
RESULTS
From April 2001 to March 2004, 19 (7 males and 12 females) adult red deer were monitored 111 times during tracking sessions lasting 6-24 h, including 67 times during entire 24-h sessions. The general activity patterns of red deer showed there were no bimodal peaks in activity (Fig. 1) . In summer and autumn, both males and females showed several peaks in activity throughout the daytime and nighttime, with little similarity between sexes (Fig. 1) . In winter, both sexes had more similar activity patterns, with their lowest activity levels just before sunrise (the coldest part of the day), and their highest activities levels just before sunset (the warmest part of the day; Fig. 1 ). Also, during winter both sexes were more active during the daytime than nighttime, and they tended to increase their activities as daylight hours progressed (Fig. 1), FIG. 1.-General activity patterns of red deer monitored in Bia1owie_ za National Park, Poland (2001 Poland ( -2004 , during summer (April-July), autumn (August-November), and winter (DecemberMarch). Shaded areas represent the shifting times for sunrise and sunset during that season.
indicating that activity levels were related to daily temperature extremes during this season.
Overall for males and females, there were no significant differences in mean (6 SE) active time/day (7.9 6 0.6 h and 7.9 6 0.5 h, respectively; t ¼ 0.01, d.f. ¼ 64, P ¼ 0.994), mean bout length/day (41.9 6 3.7 min and 42.0 6 2.9 min, respectively; t ¼ À0.02, d.f. ¼ 64, P ¼ 0.984), and mean number of bouts/day (12.0 6 0.6 bouts and 12.1 6 0.5 bouts, respectively; t ¼ À0.21, d.f. ¼ 64, P ¼ 0.832). For males, there was no significant difference among seasons for mean active time/day (ANOVA: F ¼ 0.081, d.f. ¼ 2, 33, P ¼ 0.922), mean bout length/day (ANOVA: F ¼ 0.255, d.f. ¼ 2, 33, P ¼ 0.776), and mean number of bouts/day (ANOVA: F ¼ 1.396, d.f. ¼ 2, 33, P ¼ 0.262; Fig. 2 ). For females, there was no significant difference among seasons for mean active h/day (ANOVA: F ¼ 0.240, d.f. ¼ 2, 27, P ¼ 0.788), mean bout length/day (ANOVA: F ¼ 1.242, d.f. ¼ 2, 27, P ¼ 0.305), and mean number of bouts/day (ANOVA: F ¼ 1.824, d.f. ¼ 2, 27, P ¼ 0.181; Fig. 2 ).
During 24-h tracking sessions, mean daily temperature ranged from À7.18C to 22.48C, daily rainfall ranged from 0 to 21.0 mm, and daily snowfall ranged from 0 to 27.0 mm. For males, mean daily temperature was not correlated to mean active time/day (Pearson's r ¼ À0.049, n ¼ 36, P ¼ 0.778), mean bout length (r ¼ À0.045, P ¼ 0.796), and mean number of bouts/day (r ¼ À0.052, P ¼ 0.763). Daily rainfall amount was negatively correlated to mean active time/day (Pearson's r ¼ À0.360, n ¼ 36, P ¼ 0.031), negatively correlated (marginally) to mean bout length (r ¼ À0.287, P ¼ 0.089), but not correlated to mean number of bouts/day (r ¼ À0.171, P ¼ 0.320). Snowfall amount was not correlated to mean active time/day (Pearson's r ¼ 0.065, n ¼ 36, P ¼ 0.708), mean bout length (r ¼ 0.180, P ¼ 0.295), and mean number of bouts/day (r ¼ À0.168, P ¼ 0.327).
For females, mean daily temperature was negatively correlated to both mean active time/day (Pearson's r ¼ À0.372, n ¼ 30, P ¼ 0.043) and mean bout length (r ¼ À0.379, P ¼ 0.039), but not correlated to mean number of bouts/day (r ¼ 0.094, P ¼ 0.605). Daily rainfall amount was not correlated to mean active time/day (Pearson's r ¼ À0.158, n ¼ 30, P ¼ 0.404), mean bout length (r ¼ À0.117, P ¼ 0.538), and mean number of bouts/day (r ¼ À0.143, P ¼ 0.452). Snowfall amount was not correlated to mean active h/day (Pearson's r ¼ 0.040, n ¼ 30, P ¼ 0.834), but was positively correlated to mean bout length (r ¼ 0.364, P ¼ 0.048), and negatively correlated to mean number of bouts/day (r ¼ À0.512, P ¼ 0.004).
DISCUSSION
Contrary to our predictions, red deer did not exhibit strong sexual differences in their activity parameters. This was surprising, especially because red deer in BNP exhibited sexual differences in space use (J. F. Kamler et al., in litt.) , consistent with the pattern expected for a sexually dimorphic ungulate species. In contrast, previous research in Germany and Spain showed that although male and female red deer generally exhibited similar activity patterns, males often were active longer than females (Georgii 1981; Georgii and Schröder 1983) or showed more extreme activity levels (Carranza et al. 1991) , although reasons for these differences were not clear. Our results indicate that although red deer are sexually dimorphic, which often leads to differences in movements and social groupings, their general activity patterns are influenced less by these sexual differences. In general, our results do not provide strong support for the hypothesis that significant differences in activity produce sexual segregation among ungulates (Conradt 1998; Ruckstuhl 1998; Ruckstuhl and Kokko 2002; Ruckstuhl and Neuhaus 2002) , which is similar to the conclusion of a recent review on this subject (Yearsley and Perez-Barberia 2005) . However, because daily abiotic factors in BNP affected activities of males and females differently, this hypothesis could not be entirely ruled out.
Red deer in BNP did not exhibit strong seasonal differences in activity parameters, although several abiotic factors significantly affected daily activity parameters. This suggests that fluctuations in daily abiotic factors within each season were more important in influencing activity than the delineated seasons themselves. General activity patterns showed that in winter, daily temperature extremes affected activity of both sexes, because males and females were most active during the warmest part of the day (before sunset), and least active during the coldest part of the day (before sunrise). Previous research showed that red deer exhibit nocturnal hypometabolism during winter to conserve energy (Arnold et al. 2004) , indicating that this phenomenon might have resulted in the low activity levels of red deer just before sunrise in our study. In general, activity parameters for females were correlated with more abiotic factors than were those of males, possibly because of their smaller body size and higher energy demands (Clutton-Brock et al. 1982 , 1987 Staines et al. 1982) , resulting in the greater response to temperature and snowfall extremes. For example, females decreased their daily activity as temperatures increased, and vice versa. As snowfall increased, females decreased their number of activity bouts, while increasing the length of their activity bouts, suggesting that when females did become active in heavy snowfall, they were active for longer periods. Interestingly, activity parameters for males were not correlated with temperature or snowfall, but were negatively correlated with rainfall, which occurred primarily in summer. This suggests that during heavy rainfall, the larger-sized males decreased activity and probably just waited for better weather to become active. Females have smaller body sizes, more nutritious diets, and higher energy demands (especially during lactation in summer), which probably prevented them from decreasing activity during heavy rains in summer. Thus, sexual differences in activity were evident when considering the effects of daily abiotic factors.
Also contrary to our predictions, red deer in BNP did not exhibit crepuscular peaks in activity as shown in previous studies of red deer activity (Carranza et al. 1991; Catt and Staines 1987; Clutton-Brock et al. 1982; Georgii 1981; Georgii and Schröder 1983; Hester et al. 1996; Jeppesen 1987 ). This may have been the result of the absence of human hunting or culling, negligible human activities, presence of large carnivores in BNP, or a combination of these factors. Previous research on several species of carnivores showed that diurnal species become more nocturnal or crepuscular when hunted by humans (Frank and Woodroffe 2001; Kitchen et al. 2000) .
Additionally, hunting by humans and even high number of tourists can have a strong influence on the behavior and movements of elk and red deer (Jeppesen 1987; Ruth et al. 2003; Vieira et al. 2003) . Because all previous research on red deer occurred in hunted or culled populations, it is not surprising that activity of deer was crepuscular and nocturnal in those areas.
Similarly, the presence of wolves was shown to have a strong influence on elk behavior in North America, especially affecting elk vigilance, movements, and foraging patterns (Childress and Lung 2003; Fortin et al. 2005; Hebblewhite et al. 2005; Laundré et al. 2001; Mao et al. 2005; Ripple et al. 2001) . Thus, in the presence of wolves, red deer in Europe might exhibit different activity patterns than in their absence. In BNP, red deer are the main prey of wolves (83% of the diet of wolves-Jxdrzejewska and Jxdrzejewski 1998), and predation accounts for 94% of deaths of red deer (Jxdrzejewski et al. 1992) . Additionally, wolves in Bia1owie_ za Forest, including BNP, were shown to be active during the day and night (Theuerkauf et al. 2003b) , which might have an influence on activity of red deer. Alternatively, because activity of predators often follows that of their prey (Curio 1976) , activity of wolves in Bia1owie_ za Forest likely was shaped by activity of deer (Theuerkauf et al. 2003b) , rather than vice versa. However, the effects of activity of prey on their predators, and vice versa, are difficult to disentangle, especially within the mix of other factors such as human activities, abiotic conditions, and intraspecific biological factors.
Interestingly, general activity patterns of red deer in BNP were similar to those found for European bison in Bia1owie_ za Forest, which were active throughout the day and night with several peaks in activity during the 24-h period (Caboń-Raczyńska et al. 1983 , 1987 . The daily activity of bison was described as polyphase (Caboń-Raczyńska et al. 1983 , 1987 , which is typical of ruminants and consists of feeding phases alternating with resting phases (for chewing and rumination). The activity of bison also was influenced by extremes in abiotic conditions, and there was little difference between the sexes (Caboń-Raczyńska et al. 1983 , 1987 . Thus, red deer activity in BNP likely was influenced by similar factors, primarily by the constraints of feeding and rumination and daily abiotic extremes.
Because previous research on red deer in Europe showed their activities to be mainly crepuscular and nocturnal, our results suggest that strict nature reserves offer deer protection not only from hunting, but also from the strong influence of human activities in general. Consequently, red deer are allowed to follow more natural rhythms of activity, which influences other areas of their biology, and probably activities of their main predators. In order to preserve natural activity rhythms of animals, strict reserves that limit all forms of human activities might be necessary, at least within human-dominated European landscapes. However, further research is needed to better determine what levels and types of human activity have a significant impact on animal activities, because some human activities likely have greater impacts than others. This information would help identify areas in Europe where ungulates and other species could exhibit more natural activity rhythms with minimal changes to human activity levels. Finally, our research suggests that if the goal is to understand evolutionarily significant situations of ungulates and other species, then more research in Europe is needed from relatively natural areas with little human influence.
